Scientific RepoRts | 5:12287 | DOi: 10.1038/srep12287 virtually unexplored [9] [10] [11] [12] . Interestingly, mast cells express molecules, for instance inflammatory cytokines, myeloid-attracting chemokines, and pattern recognition receptors that were demonstrated to be involved in antifungal responses in other cells. Toll like receptors (TLRs), such as TLR2 and TLR4 are in addition to mediate responses against bacteria [13] [14] [15] well-established contributors for detection and clearance of fungi 16, 17 . Activation of C-type lectin receptors, such as dectin 1, by fungal components also results in mast cell activation 18, 19 . This suggests a possible involvement of mast cells in antifungal immunity. Specific ligands for such receptors can activate mast cells causing release of reactive oxygen species 20 and different vasoactive mediators, for instance histamine, prostaglandins, leukotrienes, and tryptase, which are injurious to the microbes 21 . While most of these mediators promote inflammation, they are in addition responsible to recruit other immune cells 22, 23 . We chose C. albicans to study fungal-mast cell interactions, since C. albicans is a commensal and a frequent human pathogen. This dual role enables a more detailed understanding of fungal pathogenicity, innate immune response and immune tolerance. We found that human mast cells have a versatile and timed response upon fungal encounter. Mast cells first degranulated β -hexosaminidase and were able to transiently reduce 30% of C. albicans viability up to 3 h post infection. In intermediate responses mast cells released pro-inflammatory cytokines, such as interleukin-8 (IL-8) and supernatants of C. albicans-infected mast cells were chemoattractive to neutrophils. In late responses mast cells secreted IL-16 and anti-inflammatory IL-1ra and released mast cell extracellular traps (MCETs) that ensnared, but probably did not kill C. albicans. In addition, the fungus could cause mast cell death by different mechanisms.
Ultimately, our work contributes to the understanding of the role of mast cells in modulating the innate immune response against opportunistic pathogenic fungi. 21 , particularly proteases or lysosomal enzymes like β -hexosaminidase 24 . These enzymes are involved in inflammation onset 25, 26 and in defence against microbes [27] [28] [29] . Degranulation is therefore a putative mechanism mast cells may employ to respond to C. albicans infection. Therefore, we measured β -hexosaminidase, a routinely used marker for mast cell degranulation, during infection of mast cells with C. albicans. Indeed, mast cells degranulated and released β -hexosaminidase in response to C. albicans after 1 h of infection in a dose-dependent manner (Fig. 1A) . This indicates that mast cells recognized the fungus and mounted an early and direct response.
Results

C. albicans induced rapid degranulation in mast cells. Mast cells contain large amounts of enzymes in their granules
Mast cells mounted a unique cytokine response upon C. albicans infection. To test mast cell
immune modulatory responses we infected human mast cell line-1 (HMC-1) cells with C. albicans and subsequently analysed culture supernatants for presence of cytokines. We found 5 cytokines that were differentially released from mast cells in a time-dependent manner following infection with C. albicans. An early cytokine response (6 h post infection) involved release of IL-8, a strong neutrophil chemoattractant (Fig. 1B) . Comparably, cord blood-derived mast cells released similar amounts of IL-8 upon C. albicans infection (Fig. S1 ).
Upon C. albicans stimulation, mast cells additionally secreted macrophage migration inhibitory factor (MIF), a pro-inflammatory, stress-response cytokine crucial for sustaining an inflammatory milieu (Fig. 1C ) 30 . Interestingly, secretion of monocyte chemoattractant protein 1 (MCP-1), one of the key chemokines inducing migration and infiltration of monocytes/macrophages was not released (Fig. 1D) . Mast cells therefore are likely to contribute to neutrophil, but not to macrophage recruitment upon C. albicans infection. At later time points (12 and 24 h), the cytokine profile revealed the release of IL-16, a chemokine linked to chemoattraction of CD4 + T lymphocytes 31 (Fig. 1E) . The pro-inflammatory cytokine response at early time points post infection seems to be counteracted by release of the anti-inflammatory cytokine IL-1ra at 24 h (Fig. 1F) . Taken together, these data suggests that secretion of pro-and anti-inflammatory cytokines was a controlled process that was influenced by different stages of the infection.
Human neutrophils but not monocytes were chemoattracted towards C. albicans-infected mast cells. As some of the chemokines from our multiplex screening are relevant in host immune cell recruitment, we next tested the chemoattractive potential of supernatants from C. albicans-infected mast cells towards neutrophils and monocytes. Mast cells were infected for three time points and supernatants harvested. The chemotactic potential of the supernatants was tested using fluorescently labelled neutrophils in a transwell system ( Fig. 2A) . Chemoattractant fMLF was used as positive control 32 . Notably we found, that C. albicans-infected supernatants induced migration of neutrophils similar to fMLF, whereas C. albicans alone or uninfected mast cells induced significantly lower neutrophil migration. Chemotaxis was significantly above controls with supernatants collected after 12 h or longer. The migration assay shows slightly delayed neutrophil chemotaxis compared to the cytokine release assay revealing increased IL-8 already after 6 h of infection (Fig. 1B) . However, neutrophil migration might be influenced by other chemokines that were not analysed with the multiplex assay used. On the other hand analysis of monocyte chemotaxis corroborated the cytokine multiplex results. Monocyte-attractant chemokine MCP-1 was secreted by uninfected mast cells, however not induced upon C. albicans infection of mast cells (Fig. 1D) . In contrast, monocyte-inhibitory MIF was increasingly released by infected mast cells over time (Fig. 1C) .
Taken together, we confirmed our findings regarding mast cells cytokine-release following fungal infection by a functional migration assay revealing that mast cells secrete neutrophil chemoattractants.
Despite releasing extracellular traps mast cells only transiently control C. albicans viability. The release of extracellular DNA traps is part of the innate immune response to infection. Extracellular traps have been observed in mast cells in response to auto-inflammatory skin diseases and upon bacterial infection 6, 14, 33 . Here, we investigated the potential release of MCETs in response to fungi. After 6 h, C. albicans-infected mast cells released MCETs composed of DNA and granular proteins ensnaring the fungus (Fig. 3A arrow, Movie S1), whereas these structures were absent in uninfected control (Fig. 3B) . Primary mast cells similarly released extracellular traps upon C. albicans stimulation (Fig.  S2A, arrow) . Quantification of MCETs in a blinded fashion revealed that extracellular trap formation increased over time being significantly different from uninfected controls, but rarely exceeded 5% of the total amount of cells (Fig. 4A) . Infection with higher MOIs led to MCET formation (Fig. S2B, arrow) without further increase in number (data not shown).
To account for mast cell antifungal activity, we quantified ATP levels correlating with the presence of metabolically active fungal cells. Within 3 h of incubation C. albicans viability was reduced by 30%. However, this antifungal effect was transient and declined after 6 h, possibly due to fungal overgrowth.
In a similar assay, we tested the antifungal activity of MCETs by degrading their DNA backbone with DNase. The nuclease was added before infection of mast cells with C. albicans and not removed during the whole assay to ensure degradation of any emerging MCET. We did not observe a significant difference in fungal viability in the presence of DNase as compared to samples without DNase (Fig. 4B) . We conclude that mast cells display moderate antifungal activity, which appears to be MCET-independent. The traps, nevertheless, ensnared C. albicans (Fig. 3A) . C. albicans potently triggered mast cell death. To quantify mast cell death induced by C. albicans including MCET formation with a microscopy-independent method we used a microplate-based fluorescence assay with Sytox Green. The dye is impermeable for intact membranes staining DNA in the extracellular space and in dead cells. Cellular death was calculated as percentage of lysis control (Materials and Methods). Remarkably, mast cell infection with C. albicans resulted in 50% mast cell death after 10 h (Fig. 4C) . Sytox-based cellular death quantification was confirmed by detection of lactate dehydrogenase (LDH) release into culture supernatants with similar results (data not shown). Similar levels of cell death were induced by C. albicans when cord blood-derived mast cells were infected (Fig. S3) , confirming that our results are valid for primary immune cells.
This high percentage of cellular death cannot be explained by release of MCETs shown before, and therefore is governed by other mechanisms.
Internalized C. albicans can outgrow from mast cells. To assess other forms of mast cell death during interaction of mast cells and C. albicans we used live cell microscopy.
Interestingly, we found C. albicans yeast cells internalized into a few mast cells as soon as 30 min after initial infection. These yeast cells were able to grow intracellularly. Whether the fungal cells promote their own uptake or are actively phagocytized by mast cells remains to be determined. We observed intracellular propagation of C. albicans and subsequent germination resulted in collapse of mast cell plasma membranes. (Fig. 5A, arrow ; Movie S2 and S3). Inside-out growth is a rare event estimated to occur in approximately 1% of all imaged cells.
We observed collapse of the membrane of the mast cells induced by extracellular C. albicans hyphae that grew towards the human cell ( Fig. 5B, asterisk ; Movie S3). Outside-in growth is a much more common event observed in around 15-20% of all imaged cell.
The live cell microscopy revealed a plausible explanations for the high mast cell death and putative outgrowth mechanism of C. albicans.
Discussion
Mast cells are crucial players in inflammatory and allergic processes. In recent years a growing body of evidence shed new light on a broader role of mast cells in host immunity 6, 24, 34 . Opportunistic fungal pathogens are an increasing burden to modern health care, due to a growing number of immunocompromised individuals as well as emergence of treatment-refractory strains 35 . Commensal and ubiquitous opportunistic fungi colonize or enter the body via mast cell-rich tissues. A role of mast cells in antifungal immunity is therefore likely, however, virtually unexplored.
We hypothesized that C. albicans, one of the most frequent microbial pathogens and a common commensal on mucosal surfaces is recognized by human mast cells. Using an in vitro model we studied mast cells and C. albicans interactions using different approaches to qualitatively and quantitatively access this interplay. In this study we show that both primary-and cell line derived-mast cells responded to C. albicans in a specific and organized manner. The responses involved different stages, including initial, rapid degranulation followed by temporal release of cytokines that mediated cell recruitment and fungal recognition.
We demonstrated that mast cells initially affected C. albicans viability. The effect was temporary and decreased over a 6 h period, opposing the description of Trevisan et al. 36 who showed that rat peritoneal mast cells permanently killed C. albicans . The same group additionally reported rat peritoneal mast cell degranulation towards unopsonized C. albicans 36 . Our study shows that mast cells degranulated more intensely towards opsonized C. albicans cells. Both, the previous and our study oppose a third using a rat-derived RBL-2H3 cell line 37 , in which the authors could not identify degranulation. Thus, we assume that these diverging results stem from differences in mast cell origin and maturation and from the fact that humans are natural hosts for C. albicans, whereas rats are not.
Human mast cells create an inflammatory environment by secreting a specific cytokine pattern during C. albicans challenge. Recruitment of innate immune cells, such as tissue macrophages and circulating neutrophils, is essential for clearing of fungal infection. We identified neutrophil-attracting chemokine IL-8 released by infected mast cells and translated the findings into a functional assay showing that human neutrophils migrate to infection supernatants. IL-8 release and the resulting recruitment of neutrophils is a known feature in mucosal tissues during candidiasis 38 , whereas the contribution of mast cells to this environment was not described. Importantly, IL-8 release was confirmed with primary mast cells, highlighting that the cytokine release was not restricted to the cell line HMC-1. The umbilical relation between mast cells and neutrophils has been demonstrated in an earlier report 39 where injection of compound 48/80 in the mouse skin evoked an acute inflammatory reaction leading to a dose-dependent elevation of leukocyte numbers 4 h after challenge. Additional reports 40, 41 have also shown that tissue-resident mast cells control the early stage of neutrophil recruitment during tissue inflammation. In a 2015 report by Weber and colleagues 42 , mast cell deficiency inhibited neutrophil accumulation at the site of sensitization in a model of human allergic contact dermatitis.
In our experimental setting C. albicans-infected mast cells contribute to macrophage recruitment to a minor extent as supported by the secretion of inhibitory factor MIF, the diminished released of macrophage-chemoattractant MCP-1, and the absence of chemotattractant activity of the mast cell infection supernatants towards monocytes. The inflammatory response was changed at later time by secretion of anti-inflammatory mediators and chemokines for adaptive immune cell recruitment. In an attempt to demonstrate chemotaxis of T-cells towards mast cell infection supernatants collected from late time points we observed high spontaneous migration of Jurkat cells. This is consistent with a previous report 43 and likely to mask T-cell migration towards specific chemoattractants present in our supernatants. In accordance to this notion, CD4 + T-cell-mediated responses have been observed in models of fungal infection where antibiotic use caused C. albicans overgrowth and increased levels of mast cells proliferation 44 . Extracellular trap formation was first described in neutrophils by Brinkmann et al. 45 and later in several other immune cells [46] [47] [48] . Extracellular traps act as danger signals in infection or inflammatory diseases, as extracellular release of proteases and other injurious cell constituents can exacerbate inflammatory processes 33, 49 . In 2008 von Kockritz-Blickwede et al. 6 showed that mast cells release chromatin decorated with granule proteins in extracellular filaments that bind to and kill bacteria. Interestingly, MCET release appears to be a mechanism of immune defence present in the mast cell toolbox against fungal pathogens as both primary cells and HMC-1 release MCETs upon C. albicans stimulation. In contrast to bacteria 6, 14 , however, C. albicans viability was not affected by the mast cell-derived DNA fibbers and thus MCETs rather contribute to physical restriction of fungal pathogens.
Since MCET release alone was not sufficient to explain high mast cell death rates during infection, we decided to assess other forms of cellular death by live cell microscopy. We found that C. albicans could be internalized into mast cells, which seemed to occur rarely. The live cell imaging setup used does not unambiguously allow determining whether a Candida cell is within or attached to a mast cell.
Nevertheless, the growth of C. albicans hyphae towards and until attachment to mast cells from the outside (outside-in growth) resulted in loss of membrane dye and thus integrity of the host cell membrane, clearly demonstrating that mast cells are ruptured by C. albicans. This, at least in part, explains the high mast cell death during interaction with C. albicans, because it is a more frequent event (in 15-20% of the cells). C. albicans can induce cell death in host cells. For instance, mucosal spread of C. albicans involves the adherence to and invasion of epithelial cells resulting in tissue damage 50 . In macrophages, for instance, both yeast 51 and hyphae 52 can promote intracellular escape and host cell death. However, the exact mechanism and the in vivo relevance of C. albicans-induced mast cell death needs to be determined in further studies.
The described processes (Fig. 6 ) strongly suggest a role of mast cells as sentinels during the initial phase of fungal infection. Mast cells launched an immune response that contributes to elimination of the encountered fungal pathogen either directly by mast cell-dependent contact or indirectly by the recruitment of other immune cells. Nevertheless further investigation in vivo will help to access the contribution of mast cells to antifungal defence.
In spite of our findings that mast cells mounted a strong immune response against C. albicans, allergic reactions in humans are rarely triggered by this fungus alluding to a tolerance mechanism of the host 53 . Knowledge about this tolerance mechanism could help to improve treatment of common fungal-mediated asthma.
Methods
C. albicans culture conditions. C. albicans strains used in this study were: clinical isolate SC5314 (wild type) 54 and for live cell imaging C. albicans (CAI4) ENO1 promoter GFP fusion. For all experiments, fungal cultures were inoculated overnight in synthetic complete dropout medium + 2% glucose (SC) at 30 °C. A fresh subculture was inoculated in SC medium for 3 h at a starting cell number of 1 × 10 7 cells/ml followed by 30 min opsonisation using pooled and heat-inactivated human serum 2% final concentration. C. albicans cells were centrifuged and re-suspended in PBS. The number of yeast cells was adjusted to the desired multiplicity of infection (MOI) prior to infection.
Plasmids and transformation of C. albicans. For this study, we generated a constitutively GFPexpressing C. albicans strain. A C. albicans-specific GFP 55 (Genscript) was integrated into pUC57 via PstI and XbaI restriction sites for further integration into pCaEXP 56 . pCaEXP was linearized via StuI restriction digestion in the RP10 gene for integration of pENO1-GFP in strain CAI4 57 , resulting in a C. albicans strain (CAI4 pENO1-GFP-CyC1t) constitutively expressing GFP 58 . Positive transformants were selected by plating on SC-uridine medium and the insertion of the GFP construct in the C. albicans genome was confirmed by sequencing.
Cell culture conditions. Cells from the human mast cell line HMC-1 59 and U937 cells (human monocytic cell line) were maintained in RPMI 1640-GlutaMax (Life Technologies) supplemented with 10% fetal calf serum, 100 U/ml penicillin and 100 μ g/ml streptomycin (Lonza). Cord blood-derived mast cells (CBMCs) from CD34 + selected cells (Miltenyi Biotec) were cultivated in StemPro-34 SFM medium (Invitrogen) supplemented with 100 ng/mL recombinant human SCF (hSCF, Peprotech) and 10 ng/mL human IL-6 (Peprotech) (first week: additionally 10 ng/ml human IL-3) for 4 weeks and then maintained as previously described 60 . All cells were kept at 37 °C, 5% CO 2 . Medium was refreshed every 2-3 days. The culture was routinely checked for Mycoplasma contamination (MycoAlert, mycoplasma detection kit, Invitrogen).
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Prior to any assays, mast cells were primed with 25 nM PMA (12-myristate-13-acetate, Sigma-Aldrich) for 15 min at 3 °C as previously described 6 . Cells were then centrifuged for 10 min at 300 × g and re-suspended in RPMI without fetal calf serum or antibiotics for the assays.
N-acetyl-β-D-hexosaminidase release assay. β -hexosaminidase secretion was measured according to a previous report 61 with minor modifications. HMC-1 cells (1 × 10 5 cells/well) were infected, in a 96-well plate with different cell numbers of C. albicans (MOI 0.1, 1 and 10) or left untreated. After 1 h supernatants from technical replicates were pooled and added to new 96-well plates in triplicate.
Mast cell cytokine release. Mast cells (1 × 10 6 cells/well) were seeded in 24-well plates (BD Falcon) and infected at 37 °C, 5% CO 2 with C. albicans at MOI 0.1, 1 or left untreated. C. albicans without any further additives was used as a fungal growth control. After infection, cells were centrifuged at 300 × g and supernatants collected and pooled. Debris in the mixture was further removed by centrifugation at 3000 × g for 10 min at 4 °C. The supernatants were harvested, shock-frozen in liquid nitrogen and stored at − 80 °C. The cytokine levels in the supernatants from the infections and respective controls were analysed using the Bio-Plex human cytokine 27- MCP-3, M-CSF, MIF, MIG, β -NGF, SCF, SCGF-β , SDF-1 α , TNF-β , TRAIL. Samples were mixed with antibody-coated beads that have a unique fluorescent intensity for the above cytokines. Anti-cytokine antibody PE-conjugated with streptavidin was added and the fluorescent signals were detected using a multiplex array reader Bio-Plex 200 System (Bio-Rad Laboratories). Raw data were initially measured as relative fluorescence intensities and then converted to cytokine concentrations based on the standard curve generated from reference concentrations supplied by the manufacturer.
Concentrations of IL-8 in supernatants of C. albicans-infected CBMC were measured using a human IL-8 enzyme-linked immunosorbent assay (ELISA) MAX kit (Biolegend, eBioscience USA). Primary cells were infected with C. albicans at MOI1 or left uninfected for 6 h. Supernatants were harvested and stored as described above.
Chemotaxis assay for human neutrophils and monocytes. Neutrophils were harvested from blood of healthy volunteers according to the recommendations of the local ethical committee (Regionala etikprövningsnämnden i Umeå). Fully informed consent was obtained, and all investigations were conducted according to the principles stated in the Declaration of Helsinki. Neutrophils were isolated from venous blood as previously described 32 . Chemotactic migration of neutrophils and monocytes towards supernatants of mast cells infected with C. albicans (MOI 0.1), uninfected controls or the equivalent amount of fungal cells was measured using a transwell system as previously described 32 . Neutrophils migration was accessed for 30 min and for monocytes migration was accessed for 90 min. Mast cell infected supernatants tested were collected and stored as described for the cytokine release assay at 6 h, 12 h and 16 h.
Immunostaining and microscopic analysis of mast cells. Mast cells (1 × 10 5 cells/well) were seeded onto cover slips coated with 1% poly-l-lysine (Sigma-Aldrich) in 24-well plates and infected with C. albicans (MOI 0.1, 1). Uninfected mast cells were used as control. After 6 h cells were fixed using 2% paraformaldehyde and stored at 4 °C.
For visualization of MCETs, primary antibodies directed against human mast cell tryptase (clonal AA1, mouse, DAKO) and C. albicans antibody (mouse monoclonal, ProSci) diluted in blocking solution were applied overnight at 4 °C. Primary antibodies were detected with Alexa Fluor 488-and 568-conjugated secondary antibodies (Life Technologies). DNA was visualized with DAPI (4′ , 6′ -diamidino-2-phenylindole; Life Technologies). Specimens were mounted in Pro-Long Diamond (Life Technologies).
Imaging data were acquired using a fully motorized inverted microscope (Nikon A1R Laser Scanning Confocal Microscope) with 60 × oil immersion lens (Plan Apochromat VC; Nikon, Tokyo, Japan) under control of the NIS-Elements microscope imaging software (Nikon). Final image composition was done using Adobe Photoshop CS5 (San Jose, CA).
For live cell microscopy mast cells (2 × 10 5 cells/well) were stained with Vybrant DiI Cell-labelling solution (Invitrogen) according to the manufacturer's instructions and seeded into a 35-mm glass-bottom micro-well dish (MatTek, Ashland, MA, USA). Mast cells were infected with C. albicans strain (CAI4 pENO1-GFP-CyC1t) at MOI 1 and kept at cell-culture conditions throughout the measurement. Frames were captured 30 min post-infection at 60 × magnification every 10 min for a period of 16 h using the previously described microscope.
Microscopic quantification was performed using DAPI immuno-stained image samples from six biological replicates. Images analysed had 130 ± 30 cells per picture and for each infection condition a total of at least 1000 cells were analysed. The total number of cells was determined by ImageJ version 2.0. The number of cells that underwent MCET formation was scored from binary images in a blinded fashion by two trained researchers. Final scores were defined as MCETs per field of view and plotted by condition and infection end-point.
From 10 independent live cell movies the % of cells undergoing inside-out growth was determined as the ratio of [(inside-out growth)/100% total cells)]. Similar the % of cells undergoing outside-in growth was determine as the ratio of [(outside-in side growth)/100% total cells)]. In both cases a total of 80 cells was analysed.
Fungal viability measurement.
To determine the antifungal effect of mast cells we compared fungal viability in the presence of mast cells as follows: Mast cells (5 × 10 4 cells/well) were infected with C. albicans at MOI 1 for 3 and 6 h in a 96-well plate coated with poly-l-lysine. The same amount of C. albicans served as 100% control. To test for contribution of MCETs to fungal viability we added DNaseI (Sigma Aldrich) prior to infection to one set of experiments. At the end point of the experiment, DNaseI and subsequently Triton-X100 to a final concentration of 10% were added to all wells. The medium was removed and fungal viability (ATP) was determined using CellTiter-Glo cell viability kit (Promega) in a luminometer (Tecan Infinite F200) as previously described To assure that any differences in cell viability were not due to loss of cells during washing we measured absorbance before triton lysis and after adding CellTiter-Glo reagent and found no notable variation. Cell death assay. Cellular death of mast cells was quantified using a Sytox Green-based assay as previously described for human neutrophils 32 . Mast cells (5 × 10 4 cells/well) were seeded in a black 96-well plate in the presence of 2.5 μ M Sytox Green and infected with C. albicans -MOI 0.1, 1-or left untreated. The same amount of C. albicans served as viability control whereas triton-lysed mast cells served as a reference for 100% cellular death.
Statistics. Statistical analysis was performed using GraphPad Prism Software 6.01 (GraphPad Software, La Jolla, CA, USA).
Cytokine profile n = 3 (3), β -hexosaminidase n = 4 (4), chemotaxis n = 5 (3) and fungal viability n = 3 (6) results were analysed applying one-way ANOVA with Tukey's post-test. ELISA results n = 2 (3), 30 min end-point chemotaxis quantification and microscopic quantification of MCETs n = 6 were analysed using t-test with Welsh correction to compare uninfected control and infection conditions in the corresponding time point. Cell death were analysed as n = 4 (5) experiments applying two-way ANOVA with Bonferroni's post-test.
For all analyses p-values < 0.05 was considered statistically significant.
